Background: The human cardiac SCN5A gene encodes for the a subunit of the human cardiac voltage-dependent sodium channel hNav1.5 [Neuron 28 (2) (2000) 365] and carries inward Na current (I Na ). Mutations in SCN5A cause arrhythmia syndromes including Brugada syndrome (BrS) and congenital long QT syndrome subtype 3 (LQT3). Here, we report a trafficking defective BrS-causing SCN5A mutation that was drug-rescued. Methods and Results: A 14-year-old Caucasian male was diagnosed with BrS with typical ECG pattern for BrS and ventricular fibrillation was easily induced. He also had significant HV interval delay ( f 65 ms) and high (31 J) defibrillation thresholds (DFTs). Genomic analysis revealed the SCN5A mutation (G1743R). We engineered G1743R into the cardiac Na channel and transfected HEK-293 cells for functional studies. The mutant channel yielded nearly undetectable sodium channel currents. Coexpression with the h 1 subunit, or incubation at low temperature did not increase current density. However, mexiletine, a sodium channel blocker, increased current density 93-fold in G1743R, but only twofold in WT. Conclusions: This study identifies an expression-defective BrS mutation in SCN5A with pharmacological rescue. The profoundly decreased sodium current associated with the G1743R suggests a molecular basis for the delayed His-Purkinje conduction and elevated DFTs observed in the proband. Whether the mutant channel may be rescued in vivo by mexiletine and normalize the patient's electrophysiologic parameters remains to be tested.
Introduction
The human cardiac sodium channel a-subunit, hNa v 1.5, encoded by SCN5A is responsible for excitability in cardiac atrial and ventricular cells [1] . The voltage-gated sodium channel activates to produce depolarizing inward sodium current (I Na ), and then inactivates nearly completely within a few milliseconds. Mutations in SCN5A cause several arrhythmogenic syndromes including Brugada syndrome subtype 1 (BrS1), progressive cardiac conduction disease, and long QT syndrome subtype 3 (LQT3). Except for LQT3, these syndromes originate from sodium conductance ''loss-of-function'' in which I Na is decreased [2] .
The mechanism for the majority of functionally characterized BrS-causing SCN5A mutations involves perturbations in kinetics of inactivation, namely accelerated channel inactivation (see review by Antzelevitch et al. [2] ). There is a single manuscript detailing a BrS-causing SCN5A mutation that fails to traffic to the cell membrane properly resulting in markedly reduced sodium channel current density [3] . Previously, we identified a novel mutation, M1766L, in a toddler who died secondary to LQT3 [4] . In heterologous expression systems, the mutant channel was trafficking defective, being retained in the endoplasmic reticulum (ER) [5] . However, in the context of the common polymorphism H558R, expression of the mutant channel was rescued albeit with persistent late sodium current consistent with the decedent's clinical phenotype, suggesting that a ''double hit'' was necessary to express the LQT3 phenotype.
Here, we report the case of a patient with BrS and a SCN5A missense mutation, G1743R (glycine replaced with arginine at position 1743). This mutation has also been found but not otherwise characterized in a single Japanese kindred [6] . Voltage clamp studies of this mutated channel in HEK cells yielded negligible I Na and immunostaining studies confirmed the retention of G1743R in the ER. The trafficking defect was not corrected by the polymorphism H558R. However, I Na density was increased dramatically in vitro by incubation with antiarrhythmic drugs, mexiletine or quinidine. The rescue of the defective Na + channel expression in Brugada syndrome with mexiletine and quinidine suggests a potentially novel antiarrhythmic drug mechanism and offers a possible mutation-specific treatment strategy.
Methods

Mutational analysis of SCN5A
Comprehensive mutational analysis of all protein-encoding exons of the cardiac sodium channel gene, SCN5A, was performed using polymerase chain reaction, denaturing high performance liquid chromatography (DHPLC), and direct DNA sequencing as previously described [4,7 -10] . The investigation conforms with the principles outlined in the Declaration of Helsinki.
G1743R site-directed mutagenesis and transfection of cell lines
The G1743R -SCN5A mutation was engineered using the hH1c cDNA clone (Accession #AY148488) by site-directed mutagenesis (ExSite, Stratagene) using the pcDNA3 vector (Invitrogen). Wild type (WT) and G1743R-SCN5A mutants were transiently transfected into HEK-293 cells as described previously [4, 11] .
Electrophysiological characterization
The voltage clamp protocols are described briefly with the data and have been published previously in detail [4, 12] . Technical issues including a discussion of the adequacy of voltage control, endogenous currents, and the rate of negative shift in kinetic parameters for this preparation and voltage clamp method have been discussed previously [11] .
Immunocytochemistry
The FLAG epitope was introduced between S1 and S2 in domain I of SCN5A for the immunocytochemistry experiments using confocal microscopy. Details of the procedure have been previously published [5] . 
Data analysis
Data are shown as symbols with standard error of the mean (S.E.M.) bars. Determinations of statistical significance were performed using a Student t-test for comparisons of two means or using analysis of variance (ANOVA) for comparisons of multiple means. A p value of < 0.05 was considered statistically significant.
Results
Clinical case and molecular characterization of G1743R-BrS-causing defect
The proband was diagnosed clinically with BrS at 14 years of age after experiencing five episodes of exertional syncope with onset at age 8 years. Initial evaluation in 1996 included an electrocardiogram demonstrating apparent right bundle branch block and a normal echocardiogram. Two months later, his second episode of syncope occurred while swimming. Two years later (1998), after his third episode of syncope following a vigorous hockey practice, the beta-blocker atenolol was started empirically. He was event free for 2 years until beta-blocker therapy was discontinued. Shortly thereafter, he experienced another syncopal episode while playing basketball. This prompted further investigation that included an electrophysiology study. In addition to intraventricular conduction delay on baseline ECG, there was marked prolongation of the His-Purkinje conduction (HV interval 65 -70 ms) and easily inducible atrial tachycardia with burst atrial pacing. These findings prompted referral to Mayo Clinic for further diagnostic evaluation and consideration for possible radiofrequency ablation.
The family history was unremarkable with the exception of an unexplained sudden death of his great great grandfather in his early 30s. Both parents were asymptomatic with normal electrocardiograms. After review of previous electrocardiograms and the one shown in Fig. 1 , Brugada syndrome (BrS) was suspected. Procainamide provocation studies resulted in accentuation of the resting right precordial ST segment elevation in the proband and elicited ST segment elevation in the proband's mother as well (data not shown).
A repeat study at the Mayo Clinic again demonstrated marked HV interval prolongation and easily inducible ventricular fibrillation. With the history of exertional syncope, suspected diagnosis of BrS, and presence of inducible VF, the patient received an internal cardioverter defibrillator (ICD) device. Testing during implantation revealed exceedingly high defibrillation thresholds (DFTs>31 J) necessitating device revision with addition of a Sub-Q Array system. This yielded successful defibrillation with 21-J DFTs. [13]. The patient has been free of ICD events for the past 18 months.
Mutational analysis of SCN5A using DHPLC elucidated an abnormal amplicon in exon 28 ( Fig. 2A) . DNA sequencing revealed a nonsynonymous single nucleotide substitution (g>a) involving codon 1743 (ggg-to-agg) yielding a G1743R missense mutation whereby a neutral residue (glycine, G) is replaced by a positively charged basic residue (arginine, R) at position 1743 (Fig. 2B ). This mutation was found previously in a Japanese patient [6] but not otherwise characterized. The G1743 residue localizes to the pore region between S5 and S6 of the fourth domain and this region is highly conserved between various species including Drosophila, yeast, mice, and man. The mutation was confirmed in the proband's mother and maternal grandmother as well (Fig. 3) . The mutation was absent in over 1600 reference alleles including 590 ethnicmatched alleles (data not shown). . The G1743R -SCN5A was expressed and incubated with either 500 AM Mexiletine or 100 AM Quinidine for 48 h. Drugs were washed out prior to recording the currents. The voltage clamp was a 24 ms step depolarization to À 30 mV from a holding potential of À 140 mV. (B) Summary of I Na amplitudes in WT and G1743R in control (before drug) and after 24 or 48 h incubation with either 500 AM MEX or 100 AM QUI. All incubations were done at 37 jC. The clear bars left to right represent mean data of n = 6, 12, 3, and 5 for WT and the filled bars represent mean data of n = 41, 24, 12, and 6 for G1743R. Statistical significance in the difference between WT and G1743R was present for each condition as shown (*p < 0.001). Statistical significance across conditions for WT and for G1743R were determined by ANOVA (*p < 0.001) and differences from control are indicated (#p < 0.0004).
G1743R: a ''loss-of-function'' defect rescued by mexiletine and quinidine
Transfected HEK-293 cells transiently expressing either WT or mutated G1743R channels were investigated for functional properties using the whole cell configuration of the patch-clamp technique. Fig. 4 shows examples of current traces for WT and for the G1743R mutant channels. The sodium current amplitude for G1743R was extremely low, at less than 1% of normal current. Reduction in current density could be due to a dysfunctional channel or abnormal trafficking of an otherwise functional channel. Abnormal cardiac ion channel trafficking has previously been rescued pharmacologically or by modulation of temperature [4, 14] .
Therefore, HEK-293 cells expressing WT or G1743R channels were incubated for 24 or 48 h with either 500 AM mexiletine or 100 AM quinidine at physiological temperature in the absence of the h 1 subunit. Drug treatment increased current density (measured after drug removal) in both WT and mutant channels, but more markedly for G1743R ( Fig. 4A and B) . After 48 h incubation in mexiletine, WT current was increased by twofold compared to nonincubation, and for G1743R the increase in current was 93-fold compared with control nonincubated cells. Quinidine also rescued the defective G1743R mutant channels but to a lesser extent than mexiletine (27-fold vs. 93-fold). Other attempts to restore current density in G1743R such as incubation at low temperature and coexpression with the h 1 subunit, known to increase sodium channel density, failed to restore the current density for G1743R (data not shown). Moreover, the double mutation H558R/G1743R did not yield rescued I Na expression (data not shown). Lower concentrations of both drugs (10 AM) that would approximate therapeutic serum levels also rescued but to a lesser extent (data not shown).
G1743R trafficking defect corrected by drugs
Na channels labeled using the FLAG epitope were expressed in HEK cells and their location determined by confocal microscopy and immunocytochemistry (Fig. 5) . A regular transmittance picture is shown at the left of each picture so that the location and the size of the surface membrane can be noted. Defective trafficking is noted when the channel is localized within the cell and does not make it to the cell surface membrane. A nontransfected cell as control shows no immunostaining (Fig.   Fig. 5 . Images of HEK-293 cells expressing the WT and the G1743R channels using immunolabeling and confocal microscopy. The localization of FLAG epitope was introduced between S1 and S2 in domain I of the SCN5A and used for the Immunolabel. Voltage dependence of activation for both the WT (o) and drug-rescued G1743R (.). Currents were elicited by step depolarization for 24 ms to different potentials between À 120 and + 60 mV from a holding potential of À 140 mV and normalized to the maximal peak I Na . The midpoint of activation were obtained using a Boltzmann function where G Na =[1 + exp(V 1/2 -V)/n] À 1 , where V 1/2 and n are the midpoint and the slope factor, respectively, and G Na = I Na(norm) /(V-V rev ) where V rev is the reversal potential, k are the midpoint and the slope factor, respectively, and V is the membrane potential. (C) Steady state availability from inactivation for WT (o) and the rescued mutant channel G1743R (.) were obtained in response to a test depolarization to 0 mV for 24 ms from a holding potential of À 140 mV, following 1 s conditioning step to the various conditioning potentials (see protocol insert). The voltage dependent availability from inactivation relationship was determined by fitting the data to the Boltzmann function: I Na = I Na-max [1 + exp(V c -V 1/2 )/k] À 1 , where the V 1/2 and k are the midpoint and the slope factor, respectively, and V is the membrane potential.
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). An example of a cell transfected with WT channel shows localization to the cell surface (Fig. 5B ), but a cell transfected with G1743R shows that the channel is retained within the cell and does not make it to the cell surface (Fig. 5C ). When cells expressing the G1743R mutant channel were incubated with mexiletine, the more normal pattern of trafficking to the cell surface is seen (Fig. 5D ). These results, confirmed by at least four additional experiments in each case, show that the decreased current density for G1743R is caused by a defect in trafficking to the cell surface membrane, and that incubation with mexiletine restores trafficking. Similar restoration of trafficking was seen with quinidine as well (data not shown). Fig. 7 . Perturbed recovery from inactivation and development of slow inactivation in the drug-rescued G1743R mutant channels. (A) Recovery from inactivation is slower in rescued G1743R channels compared with WT. Recovery from inactivation was assessed using a two-pulse protocol where a conditioning step of 1 s to 0 mV inactivated I Na followed by a test pulse to 0 mV after a recovery period of Dt at a recovery potential of À 140 mV (see protocol inset). The peak I Na in response to the test pulse was normalized to the maximum peak current and plotted vs. Dt, and the recovery process was fit to the sum of two exponentials: normalized I Na =[A f exp( À t/s f )]+[A s exp( À t/s s )] where t is the recovery time interval, s f and s s are the fast and slow time constant, and A s is the fraction of the recovery component. The inset depicts the same data plotted on a log time scale to better show the early time course of recovery (WT, n = 12, G1743R, n = 7, p < 0.005 for s f and p < 0.03 for s s vs. WT). Slow inactivation is enhanced in rescued G1743R channels. Inactivation was evaluated using a twopulse protocol (see inset) from a holding potential of À 140 mV. (B) Recovery pulse interval duration (20 ms) is indicated by the arrow in the inset protocol diagram. The data shows the fraction of the current level recorded during the 24 ms step depolarization to À 10 mV, and normalized to the peak current level recorded during the first depolarization step to À 60 mV, and plotted against the time of the prepulse duration. N = 4 for WT and n = 4 for G1743R (*P < 0.001).
Electrophysiological properties of rescued G1743R
Analysis of drug-rescued G1743R channels revealed perturbations in channel kinetics (Fig. 6) . Except for the significant difference in overall current amplitude, the electrophysiological properties of quinidine-rescued G1743R channels were virtually identical to that of mexiletinerescued G1743R (data not shown). Fig. 6A demonstrates the family of macroscopic I Na recorded from HEK-293 cells expressing WT and the G1743R mutant channels rescued by prior exposure to the antiarrhythmic drug, mexiletine. Currents were obtained after 24 ms depolarization from a holding potential of À 140 mV. After drug was washed out, the drug-rescued G1743R I Na showed similar activation characteristics compared to WT (Fig. 6B) . The midpoint of activation (V 1/2 ) and the slope (k) for rescued G1743R were À 40 F 6 and 4.6 F 0.1 mV (n = 10) vs. WT À 42 F 2 and 5.1 F 0.3 mV (n = 15). Steady state fast inactivation for the drug-rescued G1743R mutant channel also was not different from WT, using two-step protocols with 1-s conditioning depolarization to different voltages from a holding potential of À 140 mV (Fig. 6C inset) . For G1743R, the midpoint of inactivation was À 84.6 F 1.2 mV (n = 10) and for WT À 84.3 F 1.0 mV (n = 20, Fig. 6C ).
Recovery from inactivation was assessed by a two-pulse recovery protocol (Fig. 7A) where a conditioning potential to 0 mV of 1 s duration was used to inactivate channels, followed by a variable recovery interval at À 140 mV. The recovery course for both channels was best fit with two exponential components where the fast time constant s f , the slow time constant s s , and the amplitude of the slow component A s were obtained. The early time course of recovery is displayed on a log scale (inset Fig. 7A ) for better resolution. The slow recovery time constant (s s ) for and drug-rescued G1743R channels (.) in response to pulse trains. The relative amplitude of I Na for each pulse number was calculated as the peak I Na for the pulse number divided by the peak I Na for the first pulse in that train. Symbols represent the mean from three to five measurements; S.E.M. is shown as a symbol. The decrease of I Na is more pronounced in the drug-rescued G1743R mutant channel (41 F 6%, n = 5) compared to WT (20 F 4%, n = 6, *p < 0.007).
rescued G1743R channels was significantly slower than WT. For drug-rescued G1743R, the time constants were 5.4 F 1.2 ms (s f ) and 80 F 28 ms (s s ) compared to 2.4 F 0.2 ms (s f ) and 29 F 4 ms (s s ) for WT. The relative amplitude of the slow component (A s ) was similar for both channels: 24 F 3% for G1743R and 21 F 1.8% for WT.
Drug-rescued G1743R mutant channels exhibited significantly increased slow (also called intermediate) inactivation (Fig. 7B) . A two-pulse protocol with a variable prepulse was used to develop slow inactivation and a 20 ms recovery period was used to recover from fast inactivation (see inset Fig. 7B ). The drug-rescued G1743R channels developed slower inactivation than WT for prepulse duration longer than 0.5 s (Fig. 7B) .
Because the increased slow inactivation and slower recovery from inactivation would both tend to decrease peak I Na , we looked at the I Na in response to trains of depolarization with a rate sufficiently rapid (3 Hz) to decrease I Na . Reduction of the I Na at rapid stimulation rates was indeed observed in both WT and drug-rescued G1743R channels (Fig. 8) . This rate-or use-dependent reduction in peak I Na current was significantly more pronounced in the drug-rescued G1743R mutant channel (Fig. 8B ).
Discussion
Brugada syndrome (BrS) is recognized currently as a sodium channelopathy. However, only 10 -20% of families with suspected BrS have SCN5A defects [15] . To date, approximately 55 distinct BrS-causing mutations in SCN5A have been described and these mutations are scattered throughout the coding region of SCN5A. All are characterized by a ''loss of function'' or decreased current amplitude, but the mechanisms for this loss vary in those mutations that have been functionally characterized. Some show decreased current due to an alteration in kinetics such as enhanced inactivation [16] while others have been shown to be due to a defect in expression [3] . This mutation, G1743R, previously described and now functionally characterized here appears to be primarily a trafficking-defective mutant. However, when expression was pharmacologically rescued, G1743R channels also showed some kinetic features (enhanced slow inactivation) that would also result in some loss of function.
The first description of an SCN5A expression defect rescued by drug was the LQT3-causing mutation M1766L [4] . The presentation of the patient as LQT3 harboring this M1766L mutation was initially confusing. Although the drug-rescued channels showed an increased late I Na as in other LQT3 syndromes, an expression defect would have been expected to present as Brugada syndrome or as a conduction defect. Clarity was provided with the discovery that M1766L, when expressed in the context of the common H558R polymorphism for which the patient was heterozygous, yielded a restored channel with enhanced late I Na [5] .
For expression of the clinical LQT3 phenotype, a ''double hit'' of M1766 and H558R were required. M1766L alone might be expected to yield the clinical phenotype of BrS, but this has not yet been described. G1743R, therefore, represents the first Brugada syndrome-causing mutation where drug-rescue has been demonstrated, and in this case, such rescue attempts to enhance channel expression might be potentially therapeutic. Whether or not other Brugada syndrome mutations with expression defects might be drug rescuable is not yet known. Based upon the near absence of current for the G1743R mutation in vitro, we can surmise that a patient heterozygous for this mutation may possess a 50% reduction in peak I Na density. The proband's significantly prolonged HV interval (65 -70 ms) and marked DFTs are consistent with such a substantial reduction in peak I Na density. Prolongation of the HV interval has been observed in a subset of patients with BrS and may be a risk factor for sudden death [17] . To our knowledge, the increased DFTs we report for G1743R have not been reported previously in BrS and may be secondary to the marked reduction in I Na density. Sodium channel blockade via low to medium doses of lidocaine has been implicated in raising DFTs [18] .
Whether or not this pharmacological rescue of an expression defect in BrS translates into the possibility of mutation-specific pharmacotherapy for this proband awaits further investigation. The extent of rescue if any in vivo is unknown and may be less. Rescue was less at lower concentrations. Also, in a patient, the drug would be more or less continuously present and might be expected to block I Na . However, the use-dependent nature of mexiletine block and the rapid kinetics of this Class IB drug mean that little or no block occurs under normal conditions (moderate heart rate and no ischemia) as evidenced by minimal effects of these drugs on the QRS duration [19] suggesting that rescue could occur with minimal block. Nonetheless, the theoretical possibility that mexiletine therapy could instead further aggravate the DFT by interfering with the already reduced population of sodium channels stemming solely from expression of the patient's normal allele has thus far prevented a trial with this mutation-specific therapy.
